The structure of the electrical double layer has been debated for well over a century, since it mediates colloidal interactions, regulates surface structure, controls reactivity, sets capacitance, and represents the central element of electrochemical supercapacitors. The surface potential of such surfaces generally exceeds the electrokinetic potential, often substantially. Traditionally, a Stern layer of nonspecifically adsorbed ions has been invoked to rationalize the difference between these two potentials; however, the inability to directly measure the surface potential of dispersed systems has rendered quantitative measurements of the Stern layer potential, and other quantities associated with the outer Helmholtz plane, impossible. Here, we use x-ray photoelectron spectroscopy from a liquid microjet to measure the absolute surface potentials of silica nanoparticles dispersed in aqueous electrolytes. We quantitatively determine the impact of specific cations (Li þ , Na þ , K þ , and Cs þ ) in chloride electrolytes on the surface potential, the location of the shear plane, and the capacitance of the Stern layer. We find that the magnitude of the surface potential increases linearly with the hydrated-cation radius. Interpreting our data using the simplest assumptions and most straightforward understanding of Gouy-Chapman-Stern theory reveals a Stern layer whose thickness corresponds to a single layer of water molecules hydrating the silica surface, plus the radius of the hydrated cation. These results subject electrical double-layer theories to direct and falsifiable tests to reveal a physically intuitive and quantitatively verified picture of the Stern layer that is consistent across multiple electrolytes and solution conditions.
I. INTRODUCTION
The formation of excess positive or negative charge on solid surfaces upon contact with aqueous solutions gives rise to an electrical double layer (EDL) as ions in the adjacent electrolyte rearrange to screen the charge. The microscopic structure of this EDL is difficult to interrogate experimentally [1] [2] [3] [4] [5] and is extensively debated in the literature because of its fundamental and technological significance in controlling surface structure [6, 7] , regulating interfacial reactivity [8] and colloid-colloid interactions [9] , governing transport in microfluidics [10] and nanofluidics [11] , and mitigating drug-carrier cell interactions [12] . The EDL is also at the heart of many processes of global interest [13] , including capacitive deionization of ground water [14, 15] and the harnessing of intermittent power sources (e.g., wind and solar) through large-scale electric double-layer capacitors [16] .
An important property of the EDL that remains poorly understood is the surface potential (Φ 0 ). In dispersed nanoparticle (NP) systems, surface potentials are traditionally inferred from electrokinetic (zeta) potentials, which depend only on the charge in the diffuse part of the EDL [17] , since the direct experimental determination of surface potentials is widely believed to be impossible [17] [18] [19] . In the absence of detailed experimental results, the burden of determining surface potentials for these systems falls to theory, which often depends on parameters that cannot be measured directly, but are instead chosen to fit measured data-a less than ideal situation. Given the importance of the surface potential (relative to the bulk electrolyte) for suspension stability, adsorption kinetics, electrochemistry, heterogeneous catalysis, ion exchange, electric doublelayer capacitors, and other surface-mediated processes including charge transfer, direct measurements of the surface potential of nanoparticles-and its dependence on, e.g., specific ions and pH-could enable a much deeper and more rational approach to the understanding and design of these systems.
X-ray photoelectron spectroscopy (XPS) is a powerful analytical technique that uses a monochromatic incident x ray to ionize the sample, causing photoelectrons to be emitted with energies that depend upon their binding energy (BE) within the sample's specific orbitals. Because XPS is traditionally performed in ultrahigh vacuum, measurements with liquid samples have been limited to a few instruments worldwide [20] [21] [22] [23] [24] . Recently, however, we demonstrated that aqueous suspensions of nanoparticles (colloids) can be passed within a liquid microjet through the x-ray beam, enabling the unique analytical capabilities of XPS to be extended to aqueous NP dispersions [25] . With this setup, we have published proof-ofprinciple measurements demonstrating the unique ability of XPS to access relative surface potentials of dispersed NPs [25] . Here, we build on these results using XPS to make the unprecedented measurement of the absolute surface potentials of silica (SiO 2 ) NPs in different alkali chloride electrolytes (specific ion effects) by measuring the surface potential under conditions where the NPs are uncharged, for which surface potentials should be zero.
Our measurements reveal a pronounced ion specificity in the nanoparticles' surface potentials under otherwise identical conditions. Differences correlate directly with the hydrated radii of each specific cation, which naturally suggests a simple and intuitive mechanism: The hydratedcation radius sets a distance of closest approach to the NP surface, which is generally identified as the thickness of the Stern layer. These ion-specific effects suggest the presence of forces mediated by the structure of the solvent between pairs of counterions and between counterions and the surface. To account for these so-called hydration forces, we use a modified Poisson-Boltzmann (PB) model that adds a nonelectrostatic, Yukawa-like, ion-ion interaction to the Coulomb pair potential. In excellent agreement with our experiments, the modified PB model reproduces the cationspecific surface potentials and Stern layer thicknesses.
II. EXPERIMENTAL SETUP
A complete description of the experimental procedures is given in Appendix A1-A4. Here, only the aspects unique to the present experiments (measure of Φ 0 by XPS) are discussed.
XPS measurements are performed at the SIM beam line [26] of the Swiss Light Source using a near ambient pressure photoemission end station [20] . Ionization of the Si 2p and O 1s orbitals is done simultaneously using a combination of primary (420 eV for Si 2p) and secondary (840 eV for O 1s) radiation. This approach results in the Si 2p and O 1s photoelectrons having virtually the same photoelectron kinetic energy, and thereby ensures the NPs and aqueous electrolytes are sampled from the same probe depth into solution. The Si 2p photoelectrons originate exclusively from the NPs (see Appendix A 4), whereas the O 1s component of the NPs cannot be resolved from that of the electrolyte [27] : O 1s photoelectrons in the present experiments are therefore assumed to originate predominantly from water. Both the Si 2p and O 1s photoelectrons experience an identical potential change when escaping the liquid sample into vacuum (the unknown and highly debated surface potential of water). The Si 2p photoelectrons shift in energy with the nanoparticles' surface potential (potential of the NP-electrolyte interface), but the O 1s does not experience this potential. When the two binding energies are measured for two different NP suspensions (wherein the NP surface potentials differ by an unknown amount ΔΦ 0 ), the relative energy of the Si 2p orbital will be directly proportional to ΔΦ 0 .
The fact that both the Si 2p and O 1s photoelectrons experience the same electrostatic potential history everywhere from the liquid microjet to the photoelectron detector, whereas the Si 2p photoelectrons experience an additional potential (acceleration or deceleration) due to ΔΦ 0 of the NPs, makes this experimental approach insensitive to the vacuum-electrolyte surface potential and any streaming potentials established by the flowing microjet.
III. RESULTS AND DISCUSSION
A. XPS as a quantitative analytical probe sensitive to surface potential
In vacuum, the photoelectrons kicked out of core levels (CL) from a given sample have a known set of binding energies (BE sample CL ) [28, 29] . The energies of the photoelectrons can, however, be varied by applying an external bias that effectively shifts all energy levels up (with negative applied potential) or down (positive) by creating a (surface) potential relative to the reference state of the grounded analyzer [30, 31] . The shift follows precisely the applied potential: þ1.0 (−1.0) Vof applied potential results in a þ1.0 (−1.0) eV shift in BE. The origin of this shift is well understood, and results from the (de)acceleration of the outgoing photoelectron by the electric field established by the external potential at the sample interface. A positive potential retards the outgoing photoelectron-effectively decreasing its kinetic energy (increasing the apparent BE) as it leaves the surface [ Fig. 1(a) ]. To demonstrate the ability of XPS to quantitatively follow this effect, we perform experiments with a SiO 2 =Sið100Þ substrate in ultrahigh vacuum. The sample consists of the native SiO 2 oxide layer on a Si (100) substrate. Positive and negative biases up to AE5.0 V are applied to the sample (grounded, AE0.1, AE0.2, AE0.5, AE1.0, AE2.0, and AE5.0 V) while recording the Si 2p spectra [ Fig. 1(b) ]. The positions of the Si 2p photoelectron peaks track the applied potentials precisely (slopes are 1.00 to two decimal places), confirming the capability of XPS to accurately monitor changes in surface potential [ Fig. 1(c) ].
In an electrolyte solution at pH conditions where the silica surface is charged,
, the surface potential affects the apparent BE of the photoelectrons in precisely the same way as if an external potential were directly applied. The apparent BE of the Si 2p orbital in a given salt (BE salt Si2p ) shifts relative to an uncharged particle in the same electrolyte by an amount that is exactly equal to the surface potential [25, 32] , since the emitted photoelectron travels through, and is (de)accelerated by, the electric field in the EDL [Eq. (1)]:
Here, Φ salt 0 is the surface potential of the NP in that particular electrolyte, BE
is the Si 2p BE of the uncharged NP in the same electrolyte, and e is the elementary charge. The superscript pH PZC refers to the pH at the point of zero net charge, ∼2-3 for silica [33, 34] . Here, we take the apparent Si 2p BE measured for silica NPs in 50-mM NaCl (BE NaCl Si2p ) as reference, and measure the shift in BE (ΔBE Si2p ) for the same NPs in different alkali chloride electrolytes relative to the NaCl value:
Equation (2) reveals the unique ability of XPS to directly access specific ion effects upon ΔΦ 0 -i.e., the change in surface potential brought about by a change in electrolyte under otherwise equivalent conditions-with no a priori knowledge of the oxide surface or EDL structure [25, 32] (also see Fig. 1 ).
B. Specific cation effects in alkali chloride electrolytes
Our XPS measurements using a liquid microjet [ Fig. 2(a) ] of 5 wt % 9-nm colloidal silica at pH 10.0 [ Fig. 2(b) ] reveal an unexpected linear dependence between the BE of the Si 2p orbital and the radius of the hydrated cation in the electrolyte [ Fig. 2(c) ]. These shifts in Si 2p BE reveal that the negative surface potential of the water-silica NP interface in monovalent chloride electrolytes exhibits pronounced specific ion effects, increasing in magnitude by as much as 150 mV as the size of the hydrated cation is increased. These results are qualitatively supported by similar trends in zeta potentials as determined by us (Table I) [35] and others [36] . Figure 2 shows that the silica NP surface potential varies linearly with hydrated cation radius. Thus far, however, all surface potentials have been measured relative to a single (unknown) value in NaCl. To determine the absolute surface potentials in these four electrolytes at pH 10.0, we must determine BE pH PZC Si2p for the NP in one of the electrolytes. At pH PZC , which is ∼2-3 for the silicon dioxide surface [33, 34] 
C. Absolute surface potentials
Si ( which all other surface potentials can be determined absolutely. We cannot perform XPS measurements at pH PZC , however, due to the limited stability of our colloidal silica over the approximately hour-long time frame of each experiment. Instead, we perform a series of experiments between pH 10.0 and 3.5 for 5 wt % SiO 2 in 50-mM NaCl (open black markers of Fig. 3 ) and extrapolate the results to pH PZC ¼ 3. Any uncertainty in the pH PZC of silica introduces only minor error, since the surface charge density (SCD) (Fig. 4 ) and surface potential are negligible in the pH window centered around 3, particularly when compared to that at pH 10. Our measurements reveal the absolute surface potential of 9-nm SiO 2 at pH 10.0 in 50-mM NaCl electrolyte to be −385 AE 20 mV. The absolute surface potentials for the other alkali chloride electrolytes follow directly from their measured ΔΦ 0 (Table II, (c) Measured Si 2p BE, relative to the vacuum level, as a function of hydrated cation radius [37] . The change in surface potential relative to that in NaCl electrolyte is shown on the righthand axis. Error bars represent the standard deviation of four repeat measurements. [40] , and impedance methods [41] (see solid markers of Fig. 3 ). However, surface potentials obtained by means of the χ ð3Þ nonlinear second harmonic generation (SHG) method deviate substantially from all others (gray solid markers of Fig. 3 ) [38] , including ours-suggesting that the χ ð3Þ SHG method is likely a measure of the electrokinetic (zeta) potential, as recently proposed by Haber and co-workers [43] , and not the commonly inferred surface potential.
D. Electrical double-layer structure
In the Gouy-Chapman-Stern model of the EDL [17] 
Since no ions are contained within the Stern layer [17] , we assume it acts as a parallel-plate capacitor,
where d Stern is the thickness of the Stern layer (the distance between the OHP and the NP surface), and ε and ε 0 are the dielectric constant of water at the silica interface (43.0) [45] and the vacuum permittivity (8.854 19 × 10 −12 F=m), respectively. Combining Eqs. (3) and (4) gives the thickness of the Stern layer:
Taking the XPS-determined surface potentials at pH 10.0 (Table II) Table II ]. In all cases, the distance between the OHP and the NP surface exceeds one hydrated cation radius by 2.1-2.7 Å (the thickness of approximately one molecular layer of water [46] ), providing evidence that 50-mM Li þ , Na þ , K þ , and Cs þ all adsorb via nonspecific electrostatic interactions at the water-silica NP interface. Moreover, a linear extrapolation of the experimental data to the infinitesimally small cation limit reveals a nonzero limiting Stern layer thickness (1.4 AE 0.6 Å), consistent with a single hydration shell of water. A simple, intuitive and consistent interpretation of Fig. 5(c) is that the Stern layer around a silica NP consists of one molecular layer of water (∼2-3 Å) [46] , which hydrates the deprotonated silanol group and blocks cations from approaching the surface any further. This yields an OHP located one water layer plus one hydrated cation radius from the surface [ Fig. 5(c) ]. This single water layer is Table II 
Salt 50 mM
r hyd (Å) [37] Si 2p BE (eV) consistent with AFM measurements that show a tightly bound hydration layer on negatively charged silica surfaces [3] . Moreover, x-ray reflectivity measurements indicate no structuring beyond the first layer of adsorbed water molecules at a similar silica surface [47] , and sum-frequency spectroscopy results show the structure of water at fused silica interfaces is independent of cation (Li þ , Na þ , K þ ) in 50-mM chloride electrolytes [48] .
The capacitance of the Stern layer (C Stern (Table II )-values that deviate considerably between cations because of their different distances from the NP surface, but that agree with those derived from regression of surface protonation data for amorphous silica [45] .
E. Modified Poisson-Boltzmann model with hydration repulsion
During the past century, various mean-field modified Poisson-Boltzmann equations have been developed that incorporate an excess chemical potential that captures steric interactions between ions (see Refs. [49, 50] and references therein). In particular, modified PB equations that employ the Carnahan-Starling expression for hardsphere gasses accurately reproduce the average ion densities that arise from molecular-dynamics computation of primitive model EDLs, yet fail to capture the Stern layer or any oscillatory structure near highly charged surfaces [51] . Strictly speaking, no mean-field model employing local-density approximations [e.g., lattice-ion (Bikerman) or hard sphere (CarnahanStarling)] can admit nonmonotonic EDL profiles [52] .
Ions and surfaces in aqueous solutions often interact strongly with water molecules, and their hydration shells are known to mediate interactions [53, 54] . At negatively charged surfaces like silica, cations reside in close proximity at concentrations that exceed bulk, whereas anions are depleted. Hence, one expects hydration interactions to be relevant only for cations because of their short interionic distances close to the surface. Moreover, such forces are responsible for the formation of the Stern layer. To capture such behavior, we employ a recent model [55] [56] [57] that adds a hydration repulsion between cations in the form of a Yukawa potential, ðU h =k B TÞ ¼ bl h expðκl h − κrÞ=r, to the Coulomb potential that is at the core of the classical PoissonBoltzmann model. Here, k B is the Boltzmann constant, T the absolute temperature, κ −1 ¼ 0.3 nm is the decay length of the water ordering [53] , and b is a constant that specifies the hydration interaction to equal k B T=b at a cation-cation distance r ¼ l h . Choosing b ¼ 0.4 allows the magnitude of l h to be identified with the reported sizes [37] of the hydrated cations (Table II) . The motivation for choosing a Yukawa potential and the derivation of the hydrationmodified PB model are described in Appendix A 5.
We calculate the surface potentials of the silica-electrolyte interfaces with this hydration-modified PB model. Using the experimentally determined σ salt NP (Table I) together with the hydrated cation radii (Table II , see also Ref. [37] ) yields surface potentials in quantitative agreement with experiments in all four electrolytes, within the reproducibility of the experiments (Fig. 6 ). This agreement can be rationalized by analyzing the concentration profiles, n þ ðxÞ, of the four cations (solid lines in Fig. 7 ). Local maxima are predicted at finite separations from the interfaces that we interpret to be the formation of Stern-like layers [57] , where d Stern is chosen to be the maximum in n þ ðxÞ (inset of Fig. 7 ). Inside these Stern-like layers the potential drop is (nearly) linear (it behaves as a parallel-plate capacitor), giving rise to surface potentials that far exceed those predicted by the classical PB model (Grahame equation [58, 59] , open circles of Fig. 6 ). Ultimately, the hydrationmodified PB model, which retains much of the simplicity of the classical PB approach, successfully reproduces ion-specific surface potentials and Stern layer thicknesses at the silica-electrolyte interface as measured by XPS.
IV. DISCUSSION
The operation of the liquid microjet for XPS experiments of dispersed NP suspensions is a challenging experiment and certain technical aspects of its operation might impact our measurements, and thus call our results into question. Here, we address the impact of streaming potential, the hydration state of the NPs, and x-ray beam damage.
Pressure-driven flow of an electrolyte solution through a liquid microjet naturally gives rise to so-called streaming potentials (or streaming currents) [60] , which could, in principle, be significant in our experiments. Under essentially identical experimental conditions to ours (flow rate and capillary diameter), Kurahashi et al. showed streaming potentials of −1.5 V in 5-mM electrolyte (NaCl, NaBr, and NaI) but concluded the addition of at least 30-mM salt rendered the magnitude of this potential insignificant, allowing them to refine the 1b 1 orbital binding energy of liquid water to two decimal places (i.e., AE0.04 eV) [22] . Lübcke and co-workers reached a similar conclusion in 2013 [61] . Our choice to add 50-mM electrolyte to the NP dispersions, besides providing a platform for the investigation of specific ion effects, is, therefore, in part chosen to ensure that streaming potentials associated with the operation of the liquid microjet are largely suppressed [22, 61] . We include a more detailed discussion, including the calculation of the streaming potential, in Appendix A 6. We anticipate streaming potentials of order ∼5-10 mV at most in our experiments [can be compared with the smallest ΔΦ 0 between electrolytes in Fig. 2(c) (LiCl and NaCl) of 30 mV and our smallest error (derived from the standard deviation of repeat measurements) AE20 mV (Table II) ]. Irrespective, however, any streaming potential that may persist affects both the Si 2p and O 1s BEs by precisely the same amount. Measured shifts in the Si 2p BE (emitted exclusively by the NP) relative to the O 1s BE (emitted predominantly within the bulk electrolyte) truly reflects changes in the surface potential alone, irrespective of the streaming potential.
Although partial or altered hydration of the NPs probed in our measurements cannot be categorically excluded, we do not expect them to protrude from the aqueous solution into vacuum. Charge-stabilized colloidal silica NPs near air-water interfaces have been shown to remain completely hydrated, based on the interpretation of surface tension measurements using the Gibbs adsorption equation [62, 63] , a finding that is consistent with the well-known hydrophilic nature of charge-stabilized colloidal silica [33] . We therefore expect the measured surface potentials to be likely representative of fully hydrated NPs in bulk solution conditions despite the limited probe depth of the XPS technique.
Any influence of x-ray beam damage on the results can be easily ruled out as the liquid jet is continuously refreshed at a rate of 7 m=s [64] . Under these conditions the samples are exposed to x rays (spot size 0.1 mm) [65] for a mere ∼20 μs before flowing past the beam. While this does not unambiguously rule out x-ray beam damage, it would be difficult to anticipate x-ray damage for a SiO 2 surface in 20 μs of x-ray exposure.
V. CONCLUSIONS
Combining XPS with a liquid microjet has allowed us to perform the very first measurement of the absolute surface potential of a NP suspended in an aqueous electrolyte. Based on this measurement, we use the Gouy-ChapmanStern model to compute the electrical double-layer structure at the water-silica (SiO 2 ) NP interface, as influenced by specific cation effects. This simple approach reveals the Stern layer (bounded by the outer Helmholtz plane) to grow linearly with hydrated cation radius, and moreover to consist of a single layer of water molecules hydrating the silica surface, plus the hydrated radius of the cation, for all four cations (Li þ , Na þ , K þ , and Cs þ ). These results are broadly consistent with direct AFM imaging of ions within the Stern layer [4] , and display an internal self-consistency that underscores its success. After all, our analysis naturally predicts a Stern layer thickness in the zero cation radius limit that qualitatively corresponds to a single layer of hydrating water molecules on an oxide surface. The magnitude of the surface potential increases (Φ 0 becomes more negative) with increasing hydrated cation size because they are held farther from the surface, yielding a larger potential drop across the Stern layer. We thus attribute the microscopic origins of the specific ion effects on the surface potential to the closer approach, and subsequent larger capacitance, of the Stern layer for smaller hydrated cations. A hydration-modified PoissonBoltzmann model that includes a soft nonelectrostatic interaction to describe the hydration repulsion between counterions quantitatively reproduces the measured specific ion effects using only the measured surface charge densities and the hydrated cation radii as input.
Finally, we note that the experimental determination of absolute surface potentials should work for a wide range of colloidal and NP suspensions in both aqueous and nonaqueous solvents. We therefore anticipate that these results are of interest to the electrochemistry community where an analogous strategy can be employed to tackle long-standing challenges related to quantifying energy-level alignment at liquid-semiconductor (quantum dot) interfaces [66] [67] [68] . APPENDIX: EXPERIMENTAL AND THEORETICAL METHODS
Materials
All colloid experiments are carried out using Ludox SM silica (W.R. Grace and Company, Sigma-Aldrich). This colloidal suspension is sold as 30 wt % silica in pH 10 aqueous solution. The nanoparticles are charge stabilized (surfactant free). Lithium chloride (LiCl, ≥99%, ACS reagent, Sigma-Aldrich), sodium chloride (NaCl, ≥99.8%, ACS reagent, Sigma-Aldrich), potassium chloride (KCl, 99.0%-100.5%, ACS reagent, Sigma-Aldrich), cesium chloride (CsCl, 99 þ %, Acros Organics), hydrochloric acid (HCl, 0.1 N, Acros Organics), and HCl (fuming ACS reagent, ≥37%, Sigma-Aldrich) are used as received.
The stock Ludox SM suspension (30 wt % SiO 2 ) is dripped through 0.007-mm pore-size filter paper (model 52, Whatman). 5 wt % suspensions of the filtered sample are prepared in 50-mM alkali chloride electrolytes using Milli-Q water. The suspensions are sonicated at room temperature for 5 min immediately after preparation and again for 5 min prior to their measurement. The four silica suspensions have pH 10.0 AE 0.1 as determined by a fourpoint (2.00, 4.01, 7.00, 10.00, Technical Buffer Solutions, Mettler-Toledo) calibrated Mettler-Toledo ExpertPro electrode. HCl is used to acidify the suspensions for pH-dependent measurements.
Potentiometric titrations
Surface charge densities are determined by potentiometric titration using a Mettler-Toledo G20 Compact Titrator equipped with a Mettler-Toledo Expert electrode and an electronic controlled rod stirrer (70% polypropylene and 30% fiberglass). Polypropylene sample beakers of 100 mL are used. Experiments are performed for 5 wt % silica (Ludox SM) in 50-mM LiCl, NaCl, KCl, or CsCl at 295 K. The electrode is calibrated using a four-point curve (2.00, 4.01, 7.00, 10.00, Technical Buffer Solutions, MettlerToledo) immediately prior to every experiment. Suspensions of 25-mL volume are titrated from high pH to low using 50-mM electrolyte (LiCl, NaCl, KCl, and CsCl) in 0.1-M HCl (Acros Organics). The addition of 50-mM electrolyte to the HCl solution ensures that the concentration of electrolyte remains at 50 mM throughout the entire titration. Experiments are performed in an inert atmosphere of nitrogen (N 2 ) gas that is bubbled through Milli-Q water. The drop volume of the HCl is set as 0.2 mL per step for the silica sample and 0.005 mL per step for the blank (50-mM electrolyte, no SiO 2 ). The stir rate (electronic stir bar) of the suspension and blank samples are 700 rpm. The end point is set at pH 3.0 [69] . SCDs are calculated following the procedure described by Lützenkirchen et al. [70] with a specific surface area of 282 m 2 =g. Measurements are performed in triplicate to ensure reproducibility.
Laboratory-based x-ray photoelectron spectroscopy
A boron-doped (100)-oriented Si single crystal wafer (MTI Corporation) is used. XPS measurements are performed using a Kratos Axis Ultra DLD spectrometer system and a monochromatic Al Kα (1486.7 eV) x-ray source. The sample bias potential is provided by a Keithley 2410 dc power supply through the sample holder and its copper contacts clamped to the sample surface. The power supply is calibrated against an HP 3458 voltmeter, which itself is directly traceable to the National Research Council Canada Josephson array. Spectra of the Si 2p region are acquired at 0.025 eV step size, 2 s dwell, and 10 eV pass energy. A single spectrum is taken at multiple nonzero sample bias voltages (AE0.1, AE0.2, AE0.5, AE1.0, AE2.0 , and AE5.0 V). Following each bias a spectrum is collected at 0 V (we refer to this point as grounded). In this way any dynamic binding energy changes due to sample charging could be corrected. At most, this procedure results in a correction of 0.01 eV, but in most cases no correction is needed. The combined uncertainty in the experimental slope is dominated by the XPS spectrum step size and repeatability (including data processing) and is estimated to be less than 0.01 V=eV (1 standard deviation). The uncertainty contribution due to calibration of the power supply and spectrometer linearity is negligible.
Liquid microjet x-ray photoelectron spectroscopy
XPS experiments are performed at the SIM beam line [26] of the Swiss Light Source using a 0.032-mm liquid microjet operating at 279 K and a flow rate of 0.45 mL= min to continuously drive silica NPs in aqueous suspension through the beam, while maintaining an evacuated environment for the photoelectrons to traverse and be collected. A complete description of in situ XPS at the three-way interface of air-water-colloid is given elsewhere [71] . The Swiss Light Source near ambient pressure photoemission end station is used [20] . All experiments are performed in vacuum (1 × 10 −4 mbar). The liquid jet is expanded to hit a LN 2 trap (so that it is frozen immediately and effectively removed), and the measurement chamber is continuously pumped by an Agilent TwisTorr 700 turbo molecular pump backed by an Adixen Roots pump. The Scienta R4000 HiPP-2 spectrometer is operated in constant energy mode at a pass energy of 50 eV. The entrance slit to the hemisphere is 0.3 (width) × 25 (length) mm (curved), which results in an energy resolution better than 40 meV. The liquid jet is operated along the vertical length of the entrance slit. The entrance cone of the hemispherical energy analyzer (NAPP) has an aperture of 0.5 mm with a working distance to the surface of the liquid microjet of 0.5 mm.
The primary photon energy [with linear polarization (>97% [26] ) along the spectrometer lens axis and perpendicular to the direction of liquid propagation] is set to 420 eV to ionize the Si 2p orbital, and second-order light [72] , 840 eV, with 10% the intensity of the primary beam simultaneously ionized the O 1s orbital. This allows O 1s and Si 2p photoelectrons to be collected within 10-eV kinetic energy of each other, ensuring a constant probe depth to the experiment. There is no peak in the Si 2p region of the spectrum when the NPs are not present (Fig. 8) . Moreover, because we reference the Si 2p BEs to that of O 1s from liquid water-assumed constant between the different NP suspensions-this approach ensures that any residual streaming potential that may persist in 50-mM electrolyte is corrected: A streaming potential would affect the kinetic energy of both the Si 2p and the O 1s photoelectrons in exactly the same manner. Our assumption that the O 1s BE is constant between solutions is likely valid in 50-mM electrolyte where there are 539 water molecules for each ion in solution (for NaCl) [73] . With the conservative estimate that the solvation shell of each ion requires 10 water molecules, only 2% of all water is directly involved in solvation. No shift in O 1s BE is expected between the different electrolyte solutions because the signal is dominated by the 98% of water molecules that are indifferent to the presence of the electrolyte. Specific ion effect measurements at pH 10 [ Fig. 2(b) ] are repeated in duplicate, and over two different beam times (four measurements in total). pH-dependent measurements in NaCl (Fig. 3) are repeated in duplicate during a single beam time.
Modified Poisson-Boltzmann model with hydration repulsion
Our choice of a Yukawa (screened Coulomb) interaction to describe the nonelectrostatic repulsion between cations and between cations and the surface is motivated by the hydration forces model of Marcelja and Radic [74] . Computer simulations predict a similar decay [75] Fig. 2(b) . The region between 310 and 314 eV is flat in the absence of the nanoparticles.
Ψ 
Streaming potential
A streaming potential can occur across the liquid microjet nozzle during its operation. It is caused by an asymmetric charge displacement in the electrical double layer of the capillary as a result of an applied pressure inducing the liquid NP suspension to move tangentially to the wall of the capillary. Streaming potentials are calculated from [60] Φ streaming ¼ εε 0 ζ ηK
where ζ is the (unknown) zeta potential of the inner walls of the 0.032-mm (diameter) quartz capillary, η and K are the viscosity and conductivity of the NP suspension, respectively, and ΔP the pressure used to drive liquid flow (2 bar). Here, we use the experimentally determined zeta potentials for colloidal silica (Table II , see also Ref. [35] ), while treating the viscosity between the four different NP suspensions as constant. The latter is justified by the (relatively high concentration) 5 wt % SiO 2 samples we investigate-the viscosity of the suspensions (5.5 MPa s for the stock 30 wt % sample) is dominated by the NP concentration and not by the electrolyte. The conductivity of aqueous solutions of 50-mM NaCl and KCl are identical (8.2 mS cm −1 ) while that of LiCl is 10.1 mS cm −1 [73] . Using the dielectric constant of bulk water (78), and the viscosity of pure water as a lower bound (1.3 × 10 −3 Pa s) [73] (which gives an upper bound to the streaming potential), we calculate a streaming potential of 6 AE 5 mV for all suspensions. The standard deviation of the XPS measurements ( Fig. 2 and Table II) is reported as a minimum of AE20 mV-a factor of 3 greater than the predicted streaming potentials. The similarity between the different solutions and the negligible magnitude of the streaming potential is consistent with the independent experimental reports of Suzuki and co-workers [22] and Lübcke and co-workers [61] .
Furthermore, if a small residual streaming potential were to persist in these suspensions it would be corrected for in the data analysis, and would therefore be irrelevant to the conclusions of this article. In this case, the streaming potential would affect equally the Si 2p and O 1s
BEs-a common mode shift. The latter is presumed constant between the different suspensions and is the only suitable reference state for aqueous solution-based XPS.
